INTRODUCTION

Importance of loess ecosystems in northern Alaska
Little is known about the ecological effects of modern arctic dust, although dust and its worldwide distribution by winds are recognized as important to the process of desertification and global biogeochemical cycles (Pew6 1981 , Pye 1987 , Schlesinger et al. 1990 ). Periods of intense global dust-blowing are correlated with cold, drier, and probably windier conditions during glacial intervals (Pye 1987 (Fig. 1) .
The effects of loess also extend into the northern front of the Arctic Foothills, where minerotrophic plant associations are common on upland surfaces up to 100 m above the floodplains of the major rivers. These areas have abundant Dryas integrifolia, Drepanocladus spp., Tomenthypnum nitens, and other minerotrophic taxa, and like minerotrophic areas on the coastal plain, are clearly discernible on color-infrared photographs and satellite imagery (Plate 1). Much of the lower elevations along the northern front of the foothills is blanketed by silt up to 30 m thick (Carter 1988). This silt was previously interpreted as having a fluvial or marine origin (O'Sullivan 1961), but has recently been recognized as loess that accumulated during middle and late Wisconsin time (Williams et al. 1978 , Lawson 1983 , Carter 1988 ). Radiocarbon and thermoluminescence dates from the base of loess deposits at three exposures described by Carter (1988) range between 28 600 and 35 300 yr BP, which is coincident with extensive dune and sand-wedge formation on the coastal plain (Carter 1981 (Carter , 1983 ). The loess blanketed areas downwind of a large Pleistocene sand sea west of the Colville River (Black 195 1, Carter 1981), and is particularly thick in the central and western portion of the northern foothills. Minerotrophic tundra occurs on much of this loess surface and similar areas near the Sagavanirktok and Canning rivers (Walker and Acevedo 1987) . The Arctic National Wildlife Refuge in the northeast corner of Alaska has minerotrophic tundra on gently rolling surfaces primarily in association with outwash and old loess deposits (Carter et al. 1986 ), but modern loess does not appear to be a major factor in this region (Walker et al. 1982) . Alkaline vegetation also occurs in association with the extensive limestone deposits of the Brooks Range. Minerotrophic tundra similar in many respects to that at Prudhoe Bay has also been described from the limestone-rich High Arctic IBP site on Devon Island (Muc 1977, Muc and Bliss 1977) and from Maria Pronchitsheva Bay, USSR (Matveyeva et al. 1975 ), but to our knowledge, descriptions of loess-influenced tundra and comparisons with acidic tundras have not been made. The following discussion focuses on the coastal plain, particularly the Prudhoe Bay region, from which we have the most ecological information.
Description of the Prudhoe Bay loess gradient
The Prudhoe Bay region is a good area to study the effects of loess because of its proximity to the Sagavanirktok River, a major loess source, and to nearby acidic tundra areas that are relatively uninfluenced by loess. Research in the Prudhoe Bay region was initiated in the early 1970s (Brown 1975 , Walker et al. 1980 , 1987b . The first botanists to visit the region were impressed by the differences in the floras of Prudhoe Bay and the other intensively studied areas on the northern coast of Alaska at Barrow and Cape Thompson. For example, noted that, despite the broad similarities between the physiognomy of the terrain and the vegetation at all sites along the northern Alaskan coast, only 88 of the 172 vascular taxa then known at Prudhoe Bay were also found at Barrow. Most of the differences were attributed to the many calciphilous taxa at Prudhoe Bay and their scarcity at Barrow The large, braided gravel-bottomed rivers in the region are indirectly responsible for its soils and distinctive flora. The Sagavanirktok River, which discharges into Prudhoe Bay, has numerous tributaries that either originate in or pass through limestone deposits of the Lisburne Group in the Brooks Range (Keller et al. 1961) . Calcareous silt of glacial origin is transported downstream along most of the major rivers in the central and eastern portion of the coastal plain. Most of the rivers in northeastern Alaska are heavily braided and provide wide source areas for the loess. The gravelly alluvium of the river floodplains contains large fractions of fine sand and silt. For example, the <2-mm fraction of a Sagavanirktok River alluvium profile at Prudhoe Bay contained 10-66% silt (Parkinson 1978 Fig. 6 ). The amount of loess decreases downwind from the rivers, forming a loess gradient to the west-southwest of the rivers.
An area of acidic tundra north of the loess region at Prudhoe Bay (Fig. 2) provides an interesting contrast to the alkaline tundra because it has essentially the same climate and topography as the alkaline tundra region, but has a much reduced input of calcareous loess. This area is not downwind from the major loess source in the Sagavanirktok River delta, but instead is subject to winds directly from the Beaufort Sea.
Loess deposits in the Prudhoe Bay region between the Sagavanirktok and Kuparuk rivers are generally <2 m deep, thinning toward the west (Everett 1980a). They occur over gravels of late-Pleistocene-age glacial outwash and floodplain deposits that formed during high glacial discharge accompanying deglaciation in the central Brooks Range (Rawlinson 1983 , in press). Hamilton (1986) dates deglaciation of the upper valleys in the Brooks Range at 11 800 yr BP. The loess is overlain by silt-rich peat. Minimum dates from the base of the peat deposits between the Sagavanirktok and Kuparuk rivers range from 1200 to 4700 yr BP (Everett 1980b , which implies that the modem peaty thaw-lake landscape of the Prudhoe Bay region is a relatively recent phenomenon associated with the eastward migration of the Sagavanirktok River channel during the Holocene. Peat has been forming for much longer periods in other areas of the coastal plain. Minimum basal peat dates of 6500 to 12 600 yr BP (Walker et al. 1981, Schell and Ziemann 1983) are associated with older surfaces both west of the Kuparuk River and east of the Sagavanirktok River. In these regions, the silt-rich peat overlies thin 1-3 m thick eolian sand deposits (Rawlinson, in press ).
ALKALINE TuNDRA TOPOSEQUENCE
The following paragraphs describe a conceptual alkaline toposequence (Fig. 3) passing eight common vegetation stand types. These are grouped according to moisture characteristics into dry, moist, wet, and aquatic tundra (see Vegetation descriptions, below). These units were used for vegetation mapping in the Prudhoe Bay region (Walker et al. 1980 (Walker et al. , 1986 (Walker et al. , 1987b . Data for the toposequence come from sites throughout the Prudhoe Bay region and thus do not represent a specific slope.
Methods
The vegetation and soils were sampled during 1974 and 1975. Sample sites were chosen subjectively (Mueller-Dombois and Ellenberg 1974) in homogeneous areas representative of mapped vegetation units (Walker et al. 1980 ). Ninety-one permanent plots were sampled, 30 of which occurred in the vegetation types along the conceptual toposequence described here. Of these 30, all except six were 10-iM2 plots (1 x 10 m). The other six were 1 M2. Plant species nomenclature followed Hulten (1968) and for vascular plants, Hale and Culberson (1975) Soils were collected from 10-cm depth (root zone). Two 300-cm3 cans of soil were removed from each plot for bulk density, and physical and chemical analyses. Soils were analyzed according to standard procedures described in Page et al. (1982) and Klute (1986) . Specific methods are presented in the tables where the data appear. Depth of thaw was sampled 10 times at each plot using a ruled steel probe.
Vegetation descriptions
Toposequences associated with hillslopes, such as that portrayed in Fig. 3, are uncommon VEGETATION  STAND  M5  U7  U6  B2  U3  B2  U3  U3  TYPE:   I  I  I  I  I  I  I  I   SOIL:  5  2  2  2 (Fig. 7) . Parkinson (1978) noted that although wet soils near the Sagavanirktok River are visually similar to Histosols elsewhere on the coastal plain, they are sufficiently low in organic carbon (<12% by mass) that they should technically be classified as Inceptisols according to United States soil taxonomy criteria. The high mineral content affects numerous physical characteristics of the soil, including the percentage content of organic material, soil bulk density, and water retention properties. The percentage of organic matter is higher in acidic tundra areas and in microsites with high soil moisture due to anaerobic conditions and slow decomposition rates (Fig. 8a) . Dry acidic soils at Prudhoe Bay average 50.2 ? 20.3% organic matter (X ? SE) and wet acidic soils average 55.5 ? 4%, whereas alkaline dry soils average 14.7 + 4.5%, and alkaline wet soils average 33 ? 5.3% (Walker 1985) . A sample from a low-centered polygon 0.3 km downwind of the Sagavanirktok River had only 18% organic matter, whereas a comparable wet site 20 km downwind had 43% (Fig. 9a) . This contrasts with wet soils outside the loess area, which have up to 70% organic matter. Water retention of the soils consequently increases downwind. For example, the field capacity (determined at 100 kPa [I 1 atmosphere]) of dry alkaline soils is 0.34 ? 0.1 kg/kg, whereas that of dry acidic soils is 0.92 ? 0.28 kg/kg. The field capacity at the wet site closest to the river is 0.53 kg/kg, and 1.03 kg/kg at 20 km downwind from the river (Walker 1985) .
Bulk density of alkaline tundra is on average greater than acidic soils in all moisture regimes due to the increased volume of eolian mineral material (Fig. 8b) . For example, a wet low-centered-polygon site immediately west of the Sagavanirktok dunes had a bulk density of 0.89 g/cm3 in the Oe (hemic organic) horizon (10 cm depth). At 9 km from the river, bulk densities of Oe horizons at the same depth range between 0.31 and 0.51 g/cm3, and in wet acidic sites north of the loess area, bulk densities range between 0.12 and 0.31 g/cm3 (Walker 1985) .
The soil organic matter and bulk density strongly affect the soil insulating properties and the depth of summer thaw. Thaw in alkaline soils is generally deeper than in acidic soils (Fig. 8c) 
FIG. 6. Conceptual model of known loess effects downwind of major braided rivers in northern Alaska
. Loess continually adds carbonate-rich silt and fine sand to peat, affecting soil bulk density, which in turn affects the depth of thaw, soil moisture, and water retention properties. Addition of carbonates and fine sand affects soil pH and nutrient capacity through changes to the cation exchange capacity (CEC) and base saturation of the soil. These properties in turn affect tundra floristics and productivity. (Modified from Walker 1985.) heat flux and deeper thaw. In wet alkaline sites near the dunes, thaw can exceed 50 cm, whereas in wet acidic regions thaw does not exceed 30 cm in similar microsites. In the wet plots of the Prudhoe Bay vegetation study (Walker 1985) bulk density accounted for 72% of the variance in thaw depth (Fig. 10) . The following parameters were correlated with thaw depth at the .001 significance level (ranked by the magnitude of the correlation coefficients) in the 93 plots in all moisture regimes of the study: (1) soil organic matter, (2) slope, (3) percentage cover of bare soil, (4) percentage of soil moisture, (5) percentage cover of bryophytes, (6) mean July air temperature, and (7) Soil texture. -The texture of the alkaline soils is more silty than that of the acidic soils (Fig. 8d, e, and f) .
Mineral subhorizons of most of the alkaline soils are either silt loams or loams, whereas those of the acidic soils range from clay loams to sandy clay loams (Parkinson 1978, Walker 1985). The coarser particle sizes near the Sagavanirktok River are due mostly to windblown materials. The percentage of fine sand drops from > 30% near the dunes to < 10% 20 km downwind from the river (Fig. 9b) . The higher percentage of sand in the <2-mm fraction increases permeability, drainage, and thaw depths near the river.
Carbonates. -The high pH of the soils in the loess areas (Figs. 2 and 1 la) is directly related to the percentage of carbonates in the soils. In roughly equivalent wet alkaline tundra sites, the pH drops from 7.6 near the sand dunes to 7.0 at 20 km downwind, and the corresponding carbonate equivalences drop from 24 to 6% (Walker 1985) . Soil pH values as high as 8.4 occur in the dry sands at the Sagavanirktok River dunes, and as high as 7.6 in nearby wet peaty sites. In areas with Extractable phosphorus (Fig. 1 Ic) , however, shows a strong regional distribution pattern with increased values toward the west but not towards the north, where soils are excessively acidic. At low pH (less than -6), phosphorus forms insoluble compounds due to increased activity of iron, aluminum, and manganese; at pHs above -7, phosphates react with calcium and calcium carbonates to form complex insoluble calcium phosphates ( Calcium (Fig. l Ie) , an easily leached cation, has relatively low exchangeable concentrations in the sandy soils near the Sagavanirktok, Putuligayuk, and Kuparuk rivers (500-3500 ,g/g). Total calcium is abundant near the rivers, but it is bound as unweathered CaCO3. Parkinson (1978) found calcium carbonate equivalences of 15-28% in the <0.2 mm fraction of Sagavanirktok River alluvium. Most of the calcium is bound in the form of calcite and dolomite (1 0-22% calcite and 4.5-6% dolomite in Sagavanirktok River alluvium [Parkinson 1978] ). Downwind from the Sagavanirktok River, the exchangeable calcium concentrations increase in response to the higher exchange capacities associated with finer textured and more organic-rich soils (up to -9000 ,g/g). North of the loess region the acidic soils show a more typical positive correlation between soil pH and calcium concentration; some of the lowest exchangeable calcium concentrations occur in the acidic soils near the coast.
Exchangeable magnesium shows a strong negative correlation with soil pH (Fig.11 if) . Magnesium is highly soluble in the more acidic soils and is released by weathering from the dolomite-rich parent materials. The highest amounts of exchangeable magnesium are found near the coast. This contrasts with the pattern found with calcium, which has relatively low concentrations in these areas. This is thought to be due partly to the greater solubility of calcium, which would cause it to be more easily leached from these soils, and partly Vegetation downwivnd of the Sagavanirktok sand dunes: relevance to climate change.-The desert-like character of the sand dunes in the delta of the Saga-*anirktok River is a striking contrast to the surrounding wet tundra (Fig. 1') Further downwind, the vegetation is that of the typical Prudhoe Bay toposequences described above. West of the Kuparuk River there is a gradual transition toward more acidophilous tussock tundra vegetation with increasing amounts of Eriophorum vaginatum, ericaceous shrubs (e.g., Vaccinium spp., Arctous rubra, Ledum palustre ssp. decumbens), Betula nana, Salix planifolia ssp. pulchra, Sphagnum spp., Aulacomnium palustre, Polytrichum spp., and Cladonia spp.
The modem ecosystems occurring downwind from dunes in the Sagavanirktok River delta provide insights regarding the vegetation succession that likely occurred during the Holocene. The successional sequence (Table 2) is probably a remnant of more extensive unstable areas that were prevalent during the Holocene as the tundra became progressively wetter and the Sagavanirktok River migrated eastward from its ancient floodplain that once followed the modem Putuligayuk River (see Fig. 2 
) (Rawlinson 1983).
Tundra not influenced by loess normally becomes acidic due to the accumulation of humic acids assodated with peat development. Sphagnum and other bryophytes are key plants in the process of low-arctic and bog landscape evolution, particularly in inland areas of the North Slope, because of their pronounced infuence on soil pH, water availability, carbon storage, ad ctive layer thickness. The alkalinity and high calcium levels of soils in local areas on the coastal plain and northern foothills are maintained today by a combinatio of loess from the major rivers and cryoturbation (process of stiring, heaving and thrusting due to first action) that continually brings unleached loess to the surface. Loess, thus, acts to maintain the vegetation in a relatively early successional state.
Questions regarding the influence of climate change on arctic peatlands are important because of possible eldback mechanisms related to greenhouse gases geneaated during the decomposition of peat or to the seq ring ofcarbon with increased peat accumulation. If the past provides relevant clues, former warm inlarvals were accompanied by peat accumulation on the North Slope, and cold glacial periods have generally been dry with extensive eolian activity (Hopkins 1982) ; however, to predict future trends detailed studies of the long-term trends of peat accumulation in the Arctic we needed in conjunction with the observations of experimentally altered climate regimes. Detailed studus of peat profiles downwind of the Sagvanirktok River may also provide clues for the future by elucidatingthe geomorphic and paleobotanical changes that oeeurred as the region warmed at the end of the last gcial and peat began to accumulate. However, future landscapes are likely to be strongly affected by succesSmal momentum already established in the boggy landsapes. The consequences of a climatic warming we likely to be very different in an already paludified andape than they were on the raw surfaces that dominaed the region at the end of the last glacial.
Phytomass and higher trophic levels Detailed aboveground phytomass data for the Prudhoe Bay region are from a relatively acidic area along the West Road, where the soil pH vanes from 4.5 to 7.1 (mean pH 5.5) ( (Table 4 ). This is due primarily bothe dominance of the prostrate evergreen shrub Dryas ihreifolia, which is a rare plant at Barrow. No attempt has been made to determine annual production for Dhyar, thus it is difficult to calculate annual production fo dry and moist sites at Prudhoe Bay. The wet site da, however, are closely comparable to data from Pint Barrow (Webber 1978) and Devon Island (Muc 1977) . Total aboveground phytomass in wet sites at Barrow averages 174 g/m2 and is 168 g/m2 at Devon in the Prudhoe Bay wet acidic areas (see Table 3 , calculated on the basis of total phytomass in wet plots minus bryophytes, lichens, and algae, with no distinction between Eriophorum-and Carex-dominated tundra). This supports a general impression that vegetation productivity is lower in the more alkaline sandy areas near the Sagavanirktok River, particularly in wet low-centered polygon sites dominated by Carex aquatilis. However, this may also be due to the relative predominance of low-centered polygons in the eastern portion ofthe region, whereas drained lake basins without low-centered polygons dominate the northwestern portion of the region. Webber (1978) and Klinger et al. (1983a) noted that productivity in low-centered polygon basins is less than in drained lakes because of restricted flux of nutrients through the polygon basins. This effect has been labeled the "polygon basin syndrome" (MacLean 1975). The nutrient-poor sandy soils near the river may enhance this effect, causing even lower production, but this needs to be examined more closely with detailed fully comparable biomass studies in both acidic and alkaline areas. Such a study may reveal differences in production that correspond to the spectral differences between acidic and alkaline areas observed on false-color satellite images of the North Slope (Plate 1). Very little is known regarding differences in higher trophic levels occurring in minerotrophic and acidic tundras, although there is sufficient cause for a close examination of this question. Early studies in the Prudhoe Bay region noted major differences between Prudhoe Bay and Barrow with regard to insects (MacLean 1975 Silty deposits can develop large volumes of segregated ice, largely due to the platey structure common to these wind-blown deposits. Interstitial water moves by capillary action along moisture tension gradients to freeze into lens-shaped bodies of segregated ice ranging in thickness from a few millimetres to several metres (Everett 1 980c). Segregations of nearly pure ice in 1 m thick loess at Prudhoe Bay can account for between 10 and 70% of a given volume. Massive ice wedges cutting the loess and extending into underlying alluvial and marine deposits may be as much as 5 m thick (Everett 1980a ). In areas of deep loess, such as the northern foothills, ice wedges can form much larger fractions of the total stratigraphy. In the foothills loess deposits, ground ice does not decrease with depth as it usually does, because the ice formed as the loess accumulated during the Pleistocene (Carter 1988). The greater ice volumes combined with the small grain sizes make thick loess deposits particularly susceptible to massive thermokarst. Loess deposits at Prudhoe Bay are less susceptible to massive thermokarst because, although they are highly ice-rich, they are generally thin and overlay stable alluvial gravels (Everett 1980c ).
Also important are the different sensitivies of the dominant acidic and alkaline tundra species. For example, Dryas integrifolia, a prostrate evergreen shrub and an important component of most mesic and xeric communities in alkaline regions, is easily killed by relatively small levels of impact from a wide variety of disturbances, including oil spills (Walker et al. 1978 ), salt-water spills (Simmons et al. 1983) , and flooding (Klinger et al. 1983b ). On the other hand, Sphagnum, a common component of mesic to wet acidic tundra, is highly sensitive to many of the same disturbances plus several others, including increased calcium levels (Clymo 1973 The dust-load data are useful for determining the amount of dust required to maintain the alkaline nature of the tundra. Since the construction of the Dalton Highway, which parallels the Sagavanirktok River, it has been difficult to determine the natural background levels of dust because of the great amount of dust from the road. Based on the available information, we must currently assume that very low levels of loess deposition, less than those measured at 1000 m from the Dalton Highway, are sufficient to maintain the alkaline nature of the tundra, although it is also possible that the natural alkalinity is maintained by unusual duststorm events. CONCLUSIONS 1) Alkaline tundra is common in many areas of northern Alaska in association with areas of calcareous loess, limestone deposits, and late-Pleistocene-age glacial till. Modern loess affects soil pH, the organic layer, water availability, nutrient availability, and vegetation patterns over vast areas of the North Slope.
2) Loess acts to maintain the vegetation in an early successional state. Tundra not influenced by loess normally becomes acidic due to the accumulation of Sphagnum and humic acids associated with peat development. The alkalinity of soils in local areas on the coastal plain and northern foothills is being maintained today by a combination of loess and cryoturbation.
3) The fundamental geobotanical interrelationships in alkaline tundra areas have been described here, but the full implications for other processes and components of the ecosystem, such as production, mineralization, biogeochemical cycles, and higher trophic levels, still need to be studied.
4) The modem ecosystems occurring downwind from dunes in the Sagavanirktok River delta provide insights regarding the vegetation succession that likely occurred during the Holocene and are relevant to current hypotheses regarding future ecosystem response to climate change.
5) The sensitivity of alkaline loess areas to anthropogenic disturbances is different from that of acidic regions due to greater amounts of ground ice, saline soils, and the different responses of the dominant plant taxa to disturbance. The loess gradient is a useful analogue to study the response of tundra vegetation to road dust.
